A 3-D compressible Navier-Stokes solver has been developed and applied to 3-D viscous flow over clean and iced wings. This method uses a third order accurate finite volume scheme with flux difference splitting to model the invtscld fluxes, and second order accurate symmetric differences to model the viscous terms. The effects of turbulence are modeled using a k-¢ model. In the vicinity of the solid walls, the k and = values are modeled using Gorski's algebraic model. Sample results are presented for eurface pressure distributions, for untapered swept clean and iced wings made of NACA 0012 airfoil sections. The leading edge of these sections ere modified using a simulated ice shape. Comparisons with the experimental data obtained by Prof. Bragg st the University of Illinois are given.
INTRODUCTION
The aerodynamic characteristics of lifting surfaces such as wings and horizontal tails may be dramatically altered by the accumulation of ice over the leading edge. Even l relatively small amount of ice accumulation may lead to dramatic rise in pressure drag, loss in lift, and in tome cases, premature stall Under the support of the NASA Lewis Research Center, a research effort has been underway at Georgia Tech on the effects of icing on the aerodynamic pedormance of lifting surfaces. Both 2-D and 3-D analyses have been developed, and calibrated [Ref. [1] [2] [3] . These analyses used relatively simple algorithms fo sofve the compressible Navler-Stokes equations. For example, standard second order accurate central differences are used to model the derivatives in the governing equations. A fourth order low-pass filter is used at every time step for removing any high frequency spatial oscillations. These analyses also used simple algebraic turbulence models such as the Baldwin-Lomax model to account for the As these analyses were applied to a number of iced wing calculations, two drawbacks of these approaches became apparent to the present investigators. First of all, the turbulence model used in these analyses is a simple algebraic eddy viscosity model, which uses the boundary layer thickness f> (or an equivalent quantity such as the distance from the wall, y) as the length scale of turbulent eddies. The algebraic model used the boundary layer edge velocity U(x) (or an equivalent quantity y I¢olmax) as a measure of the velocity scale of turbulent eddies. Such a simple representation of turbulence works well only for simple attached or mildly separated flows. In the case of iced wings, the flow field contains boundary layer over the solid surfaces, reversed flow regions, and a free shear layer coming off sharp corners and turns associated with the ice shape. The second drawback of the previous analyses is the irrecoverable filtering out and loss of information by the low-pass filters. These filters tend to smear out shock discontinuities, contact discontinuities, and shear layers. The rate at which the filtering is applied is proportional to iul+a, where lul is the magnitude of local flow, and a is the speed of sound. The rest of this paper is organized Is follows. First, the Roe scheme is briefly outlined. Next, the k-¢ formulation is described. Finally, several sample applications of the improved solver to iced wing analysis are presented
MATHEMATICAL AND NUMERICAL FORMULATION The 3-D compressible
Nsvier-Stokes equations are given in a Cartesian coordinate system as
Here q is a vector of conserved flow properties; F, G and H are the inviscid flux vectors; R, S and T ere viscous terms, which include the effects of turbulence _lrough the eddy viscosity concept.
The calculations are carried out in • curvilinear body-fitted coordinate system (F,,n,f;). In this system, the governing equations may be written as ot a_ an a_ a_ a_ o_
where _ etc. ere related to their Cartesian counterparts by the metrics of transformation.
The Roe Scheme:
The objective of the lime-marching algorithm is to advance the flow field at cells (or nodes (i,j,k) from • lime level 'n' to the next time level 'n+l'. For this purpose, In the preeent work, equation (2) was discmtized Is follows: q.., -q, _ q,.2 -q..,
Hero T is a matrix that contains the left eigenvectom of the matrix aF/aq, and A contains the eigenvalues of this matrix. Those quantities must be computed using special *Roe" averages of qL and qRIt may be shown that the above estimates of qL and qR lead to s spatially third order aocurate formulation, on uniform grids and on mildly stretched grids. Equation (3) represents a system of non-linear Idgebralc equations for the flow properties vector q st time level 'rH-l'. Furthermore, each node (i,j+l,k) is coupled to its nine neighbors. Thus, this system of equations are highly coupled. The classical Beam-Warming approximate fectorization scheme was used solve these coupled nonlinear equations, in • manner similar to that described in Reference 1.
K-t Turbulence Model
The starting point is the Bou=mesq assumption for the turbulent mtres_s.
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The tud)ulent vls(:os_ Pl has to modeled. This is achieved by modeling two physically conceivable quantities, the turbulent kinetic energy k, and the dissipation rate e. The basic high Reynolds number K-E model integrates the following transport equations for k and
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The turbulent production P, is given by:
and the turbulent viscosity _ is related to k and E by" As in the case of the Navier-Stokes equations, the k-t equations were cast on a curvilinear coordinate system In conservation form, and solved using an ADI procedure. The source terms appearing in the k and E equations were lagged by one time step for simplicity. The turbulence model equations were solved separately at the end of every time step, after the mean flow properties had been computed. This resulted in the solution of a 2 x 2 system f_t may be efficiently solved.
The starting values for k and z were obtained muming the flow to be tn equilibrium. That is, the producllon and dissipation terms in the k-¢ equations were let to be equal. This results in • system of simultaneous akjebr_c equations for k and ¢, which may be solved to initialize the turbulence field. These algebraic equations Involve the eddy viscosity, which was computed using the Bak:lwin-Lomax model. Note that the Baldwin-Lomax model was used only st the start of the calculations to Initialize the turbulence field, and is not needed during subsequent time steps. The calculations used a 121 x 24 x 45 grid, with 91 points on the airfoil at each span station, 14 spanwise stations over the wing, and 45 points in the direction normal to the wing surface. Roughly s quarter of these points are in the boundary layer region. Thus, the boundary layer is only moderately resolved in these preliminary calculations. Figure 1 shows the internally generated bodyfitted grid used in the present simulations. Rgure 3 shows the surface pressure distribution for the clean wing at 8 degrees angle of attack st 3 apanwtse locations, 42%, 56%, 72% end 89%. In these calculations, "the Roe solver was used, and a BaldwinLomax model was employed. Because of the increased operations counts associated with the Roe scheme, the calculations were typically 30% more expen.Q;ve per grid 3 point, per time step, compared to the original central difference scheme. The Roe so_ver was also s'dff,requiring smaller time steps than the central difference scheme. Neverlhele_, celculaUons similar to those shown on figure 8 could be obtained with the Roe/Baldwin-Lomax solver in about 1500 Iterations, requiring about 90 minutes of CPU Wne on a Cray Y/MP system using a single processor. Figure 4 shows the Roe/k-t solver results tor the lame Case. The results are comparable to the BaldwinLomax region, except near the leading edge region, where the Cp dletribution shows a small plateau, Indicative of a small amount of local separation. The k-t model behaved well. The strong source terms cause the k-t equation set to be stiff. These equations were therefore solved using a smaller (local) time step than the basic flow equations. Upper and lower limits were placed on the k and ¢ values, in order to prevent the solver Irom diverging at the start of the calculations.
Near solid walls, the classical high
The flow solver had no other user adiIj_table constants, and was run using the standard k-= constants described in the previous section.
The final results for the k and t fields were well within these upper lind lower limits. Thus, these limits do not affect the quality of the final, converged solution. A typical k-¢ solution required about 2 hours of CPU time, on a Cray Y/tAP system, using s single processor. Work is now underway on reducing U_; time requirement. 
